Strong dependence of the tribological response upon the nature of the polar end groups of perfluorinated linear chains was observed for Fomblin-Z perfluoropolyalkyl ethers of similar length and composition but terminated by a different polar group at both chain ends. The number-average molecular weight of the polymers was M n ≈ 2000 g mol -1 and the chain-end functionality was either carboxylic acid, hydroxyl, piperonyl, or the p-phenoxyanilinium salt of a carboxylic acid. The method of investigation was a surface forces apparatus modified for dynamic oscillatory shear at variable frequency and effective shear rate. Differences were observed as concerns not only the shear forces but also the minimum thickness to which the films could be compressed under a given normal load and the adhesion measured on separation of the surfaces after prior compression. The shear forces were studied at normal pressures of 1 and 3 MPa, both in the linear viscoelastic regime and at high shear amplitudes corresponding to shear rates of 10 -2 -10 5 s -1 . The carboxylic acid terminated polymer displayed solidlike responses to shear, possibly reflecting dimerization owing to hydrogen bonding. This contrasted with the more fluidlike shear rheology of the hydroxyl-and piperonyl-terminated polymers, in which the association from hydrogen bonding and polar interactions is believed to be weaker and result in a different structure. The sample comprised of the p-phenoxyanilinium salt of a carboxylic acid could not be compressed to less than an exceptionally large film thickness, around 100 Å, and did not appear to solidify at the pressures studied. This study suggests that not only the affinity of the functionalized chain ends to a solid surface but also the self-association of polar end groups in the nonpolar environment of fluorinated chains influences the lubricating performance of these films.
Introduction
Studies of the friction of molecularly thin fluid films confined between atomically smooth solid surfaces have till present largely concentrated on molecules chosen to be uniform in their chemical composition. Especially as concerns polymer melts, a survey of the literature shows that homopolymer systems were selected (for example, polysiloxanes, 1-4 polybutadiene, 1, 5 or perfluorinated perfluoropolyethers [6] [7] [8] ) in which the chain end was of essentially the same composition as the polymer backbone. In these systems, much of the shear response can be attributed to bridging of some of the chains from one surface to another. [9] [10] [11] [12] However, we may expect to see a different response if the ends of linear chains carry a polar functionality.
(1) The strength of bridging may be enhanced if two ends of a chain become adsorbed to opposed surfaces. ( 2) The strength of bridging may be diminished if the two chain-ends are so strongly adsorbed that they cannot cross from one surface to another. (3) Self-association of polar end groups, in a nonpolar environment of repeat segments along the polymer chain, may become a prominent effect.
To examine these possibilities, we have studied perfluorinated polymers of similar molecular weight but different chain-end functionality. We are interested here in perfluoropolyalkyl ethers (PFPAE) of the so-called Fomblin-Z series, which are linear, random copolymers of perfluoroethylene oxide and perfluoromethylene oxide. 13, 14 These fluids possess excellent thermal and chemical stability, low vapor pressure, and favorable lubricating properties. They are currently used as lubricants in aerospace [15] [16] [17] and laboratory ultrahigh vacuum equipment 18 and in magnetic storage devices (computer disk drives). There is considerable interest in further improvement of the lubricating properties of Fomblin-Z polymers and of their ability to protect sliding surfaces against wear. Several end-functionalized Fomblin-Z polymers are widely used in commercial magnetic storage devices. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [38] [39] [40] This family of chain polymers therefore provides a useful system in which to examine the influence of chain-end functionality.
We have studied the static and dynamic (shear) interactions between opposed atomically smooth surfaces separated by molecularly thin films of four different difunctionalized Fomblin-Z oligomers with a molecular weight around 2000 g mol -1 . The end groups studied were carboxylic acid, hydroxyl, and piperonyl (3,4-(methylene dioxy)benzyl) groups and a pphenoxyanilinium salt of a carboxylic acid. Two of these samples, the hydroxyl-and piperonyl-terminated chains, are currently being widely used commercially for lubrication of computer hard disks. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [38] [39] [40] It has been found experimentally that the introduction of carboxyl, hydroxyl, or piperonyl end groups increases the ability of the Fomblin-Z polymer to protect the underlying substrate against wear. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] It has been demonstrated that these polar end groups are preferentially located near the polar surface of the hydrogenated carbon overcoat that forms the top layer of the computer hard disk 22, [30] [31] [32] 39, 40 and also that they are located near other polar surfaces such as silica 21, 23, 33, 34, 41 and ZrO 2 . 42 Heating ("thermal bonding") introduces chemical bonds between functionalized chain ends and polar groups on the surface to further improve the stability of the lubricant film. 19, [21] [22] [23] [24] [25] 28, 29, 39, 40 For the low molecular weight polymers (2000-4000 g mol -1 ) currently utilized in magnetic storage devices, the polar end groups constitute a large fraction of the whole sample and affect strongly or even dominate the bulk properties of the sample, a phenomenon called the "copolymer effect". 43, 44 In the study described below, we demonstrate that not only the affinity of the end groups for a polar surface but also the different structures that can be inferred for confined films containing different polar moieties in a nonpolar environment are critical for the performance of the film as a lubricant.
Our experimental method gives information on the forces acting across the film as the surfaces are brought toward and from each other in a carefully controlled manner, and thus on the film thickness formed under different compressive and tensile pressures. Dynamic shear measurements at different normal pressures over a wide range of shear rates (10 -2 -10 5 s -1 ) gave information on the rheological properties of confined films of thickness comparable to the desired thickness of lubricant on a computer hard disk for "contact" recording (tens of angstroms). 19, 29, 38 With this technique it was also possible to observe surface deformations (caused by trapping of liquid or even plastic deformation of substrates) and damage of the solid surfaces, in case such effects occurred. The substrate used was muscovite mica, which allowed us to study shearing of the film between atomically smooth surfaces in a contact that can be thought of as one single asperity. Thermal bonding is, however, not feasible on mica surfaces since they do not expose functional groups.
The results will be compared to shear experiments on high molecular weight unfunctionalized Fomblin-Z 6,7 and branched, unfunctionalized Fomblin-Y 6 and to linear and branched unfunctionalized perfluoropolyalkyl ethers of different backbone structure 8 but similar molecular weight as the samples in this study.
Materials and Methods
Perfluoropolyalkyl Ether Samples. The carboxylic acid (DIAC), hydroxyl-(DOL), and piperonyl-functionalized (AM-2001) Fomblin-Z 45 were obtained from Ausimont. The pphenoxyanilinium-terminated sample was synthesized at Hitachi Corp., Japan, by ion exchange of the carboxylic acid terminated Fomblin-Z. The structures of the Fomblin-Z backbone and the functional end groups are shown in Table 1 together with some parameters describing each sample. The polydispersities (ratio of weight-average to number-average molecular weight, M w / M n ) are around 1.1-1.2. 14, 46 Higher molecular weight Fomblin-Z samples, including unfunctionalized polymer, were also available and were the topic of a separate investigation. 47 However, unfunctionalized Fomblin-Z of a molecular weight similar to the one of the functionalized oligomers in this study, 2000 g mol -1 , was not commercially available.
The samples in this study are all transparent liquids at room temperature. DIAC and DOL were colorless, AM2001 was slightly yellow, and the p-phenoxyanilinium salt was redbrown. It was readily apparent from its sluggish flow properties in the sample container that the p-phenoxyanilinium salt had a much higher bulk viscosity than the other samples (cf. Table  1) .
To remove possible dust particles and humidity, approximately 1 mL of the DIAC and DOL samples were dissolved in approximately 10 mL of a hydrofluoroether fluid, HFE-7100 (C 4 F 9 OCH 3 , nonafluoro-1-methoxy butane, a product of 3M Corp.) and kept over molecular sieves (Aldrich, pore size 5 Å) overnight. The solutions were then filtered through a Millex-SR syringe filter (Millipore, pore size 0.5 µm) and the solvent evaporated under vacuum at room temperature for 48 h. This solvent has been developed as a replacement for chlorofluorocarbons and does not decompose to form compounds that contribute to the depletion of the ozone layer. 48 It was found that solutions of AM2001 in HFE-7100 caused discoloration of the molecular sieves. The use of sieves was thus avoided for this sample, which was only dissolved in HFE-7100, filtered, and dried under vacuum as described above.
Unlike the three samples discussed above, the p-phenoxyanilinium salt was only sparsely soluble in HFE-7100 and also in perfluoroheptane. A portion of this sample was dried under vacuum without preceding dissolution and filtration. It was found that it could be dissolved in a 1:1 mixture of ethanol and methanol, which was used to clean the instrument after use with this sample. One experiment on DIAC and one on AM2001 were also performed on portions of the samples that had only been dried under vacuum without dissolving and filtration. Some dust particles were found to be present in these samples, but the interactions and shear properties measured on particle-free contact positions were identical to the ones obtained for the samples treated as described above. The dried samples were kept in dry atmosphere in a desiccator when not in use.
The glassware used was cleaned overnight in a mixture of concentrated H 2 SO 4 and Nochromix, rinsed with distilled water, kept in 2 M KOH overnight, rinsed again copiously in distilled water, and finally dried in an oven. It was difficult to completely remove these polymers from glass since their solubility in other liquids than perfluorinated solvents is generally low and the adsorbed layer to some extent protects a glass surface against etching agents. To ensure that no contamination was introduced, new glassware was used for each sample and discarded after the dissolving, drying, and filtering steps described above.
Measurements of Static Interactions. The investigations of film thickness, interaction forces, and thin-film shear rheology were performed using a surface forces apparatus (SFA) built in our laboratory, modeled after the "Mark II" SFA 49 and equipped with a device for oscillatory lateral shear. 3, 50, 51 All experiments were performed at 25°C. The surfaces used were thin sheets of muscovite mica, which were silvered on one side and glued with the silvered side down onto fused silica disks with a half- cylindrical surface. The separation between the mica surfaces was measured by multiple beam interferometry. 52 The distance resolution and thus the accuracy of the measurements of film thickness was 1-2 Å.
The conceivable solubility in the functionalized Fomblin-Z of the substances used to attach mica sheets onto the supporting silica disks was investigated. The gluing of the mica sheets involves initial melting of the glue substance by placing it on the heated silica disk, then placing a mica sheet onto the melted glue droplet such that capillary action causes the mica sheet to conform to the curvature of the underlying substrate, and finally solidification of the glue as the temperature is lowered by removal of the assembly from the hot plate. The candidate glues were either a 1:1 mixture of galactose and dextrose or 1,5-diphenylcarbazide. Both have convenient melting temperatures and both are commonly used to glue mica sheets for SFA work. To study possible solubility, droplets of the different Fomblin-Z samples were placed in glass Petri dishes and a small amount of the sugar mixture or of diphenylcarbazide was added to each drop. The mixtures were kept at room temperature and examined under an optical microscope at different times for up to 1 week. Diphenylcarbazide crystals were readily soluble in DIAC, since the polymer directly in contact with the crystals turned bright purple already after less than 1 h, and were also slightly soluble in the p-phenoxyanilinium salt but did not appear to be soluble in the hydroxyl-or piperonyl-terminated polymer.
The mixture of sugar crystals did not appear to dissolve in DIAC or DOL. Only after 1 week of contact between the sugar and the polymer was a very slight solubility in AM2001 detected, and similarly for the p-phenoxyanilinium salt, in which the solubility was even smaller.
It was thus found that the sugar mixture was the better choice of glue for this study. During the experiments, care was taken to use mica pieces that were large enough to completely cover and extend outside the edge of the supporting silica disks in order to minimize contact between the sample and the glue. The experiments were started approximately 30 min after inserting the polymer drop and finished within 3-4 h. The samples were not left in contact with the supports for longer times.
It should be noted that plastic deformation of the sugar glue may take place at large normal pressures; care had to be taken to ensure that an applied pressure did not cause a permanent flattening of the surfaces. This problem has been discussed in detail in ref 53 .
During the experiment, the experimental chamber was kept dry by exposing the atmosphere to a reservoir of P 2 O 5 . After calibration of the contact thickness between the mica surfaces in dry air (separation distance D ) 0), a drop of dried polymer was inserted between the separated surfaces with a clean and dry glass pipet. The first three samples in Table 1 were slightly viscous, which might cause time effects during approach and separation of the surfaces (compression of the polymer film). 54 The p-phenoxyanilinium-terminated sample was extremely viscous, which made measurements particularly difficult. To facilitate the measurements in these systems, the stiffness of the force-measuring spring was chosen to be 930 N/m, which is an order of magnitude stiffer than commonly used for force measurements on simple liquids. Consequently, the sensitivity of the force measurements presented, around 10 -7 N, is an order of magnitude less than usually quoted for the SFA, 55 but still sufficient for accurate determination of the forces expected in our systems.
During approach and subsequent retraction of the opposed surfaces, the waiting time between displacing the base of the spring and subsequently measuring the surface separation was varied. For relatively large film thickness (>1000 Å), forces were measured approximately 1 min after a typical displacement of ca. 150 Å. For lesser film thickness, the distance change per step was decreased somewhat and the waiting time was increased successively so that the points where F/R ≈ 0 in parts A-C of Figure 1 were measured at waiting times of a few minutes, the points at the beginning of the repulsive regime (100-120 Å from the hard-wall) with waiting times of 10-15 min and the points close to and on the "hard-wall" at approximately 20 min intervals (also on separation). The movement of the surfaces was found to have stopped completely during the times chosen. For the p-phenoxyanilinium-terminated sample ( Figure 1D ), longer waiting times were used, 20-30 min per data point. The waiting times will be discussed further below.
At points where the change in force with distance, dF/dD, is larger than the spring constant, there will be an instability and a spontaneous jump to the next stable region. Such jumps were seen upon separation of the surfaces from an adhesive minimum in the force curves in Figure 1A -D.
Measurements of Shear Interactions. The dynamic measurements where performed with a device described in detail elsewhere 3,50,51 that allows one to apply dynamic oscillatory shear forces over a wide range of frequencies and to measure the resistance to shear motion of the confined thin film. The device, on which the upper surface in the surface forces apparatus is mounted, consists of a rigid surface holder (boat) supported by two piezoelectric bimorphs attached to leaf springs, one on each side of the boat. For the device used in this study, the spring constant of this assembly was 1.6 × 10 4 N/m (measured from its resonance frequency). To operate this device, a sinusoidal voltage is applied to one of the bimorphs, which causes it to deflect and the upper surface to move back and forth horizontally over the lower surface (oscillatory shear). The amplitude and phase of the displacement of the upper surface (with the surfaces in contact or separated, with or without sample) is detected at the input frequency with the other bimorph by means of a sensitive lock-in amplifier. When the surfaces are coupled (in adhesive contact or separated by a thin film), the movement of the upper surface is reduced and the resulting deflection of the detecting bimorph (and thus the output voltage) is then lower than the values obtained with the surfaces separated. The elastic (in-phase) and viscous (out-of-phase) compliance of the device itself (mainly arising from the glue) were determined for different input parameters from the difference in amplitude and phase with the mica surfaces in adhesive contact and separated. This predominantly elastic contribution can be separated from the total response when a sample is present between the surfaces according to the procedure described in ref 3 so that the elastic and viscous response of the confined film under study is obtained as a function of input frequency, displacement amplitude, film thickness (i.e., resulting strain or shear rate), and normal pressure.
The experiments in this study were performed in a frequency range of 0.13-130 Hz and with a shear displacement amplitude of 0.2-2000 Å. The pressure normal to the surfaces was changed with the distance controls described above. The methods we employed have been used to study a large variety of systems, from simple liquids to linear and branched polymers confined between mica or hydrocarbon surfaces. [2] [3] [4] 56 It is generally observed that the properties of thin films go from liquidlike at large film thicknesses and low pressures toward more solidlike at higher confinement. [2] [3] [4] 56 Results Force-Distance Measurements. Static interaction forces (normalized by the mean radius of curvature of the undeformed solid surfaces, R) are plotted against film thickness in Figure  1 . Care was taken to equilibrate these measurements, as described in the Experimental section. For all four samples, a monotonic repulsion and a final, incompressible layer thickness ("hard-wall repulsion") were observed on approach. In each case, the range of the monotonic repulsion appeared at a separation of 100-120 Å from the final hard-wall separation indicated by the dotted vertical lines in Figure 1A -D. On separation of the surfaces, adhesion of different strength for different samples was observed.
The hard wall thickness for each sample (cf. Figure 1A -D) was 24, 33, 40, and 97 Å, respectively. On separation, the confined layers were found to expand to a thickness of 34, 36, 42, and 105 Å before the jump apart.
Linear Regime of Oscillatory Shear. The response of the confined films to small-amplitude oscillatory shear at relatively low normal pressure, 1 MPa, is presented on log-log scales in Figure 2 as the elastic and viscous moduli vs angular frequency (ω ) 2πf, f ) 0.13-130 Hz). The shear amplitude was a few angstroms, small enough to maintain linear viscoelastic response. At this pressure, the film thicknesses, which are specified in the Figure legend, were only slightly larger than the "hard-wall" thickness for each sample given above. It is known that the pressure across the contact zone is not strictly constant when curved solid surfaces are compressed against one another; it may vary in a Hertzian 57 (parabolic) manner or in a more complex fashion if the opposed surfaces adhere 58 at the same time that they are compressed. In the comparisons made here, we have normalized the applied normal force by the measured contact area to obtain the mean normal pressure. Similarly, we have normalized the shear forces by the measured contact area to obtain the shear stresses.
At this pressure, 1 MPa, the DIAC sample showed a markedly different behavior from the three other samples. The elastic component dominated the shear response of the DIAC at all frequencies studied, which is an indication that these frequencies exceeded the inverse longest shear relaxation time of the confined polymer. The response of this sample was thus rubberlike, which has been observed for other confined linear polymers in this frequency regime. 3, 4 The magnitudes of the moduli for the other three samples ( Figure 1B-D) were considerably lower. For DOL and the p-phenoxyanilinium-terminated sample, a regime of predominantly elastic response at low frequencies was followed by a mainly viscous response at larger frequencies. The AM2001 showed a mainly viscous response at the lowest frequencies (i.e., a liquidlike response), followed by an elastic, and finally, at the largest frequencies studied, a regime of viscous response. The magnitudes of the moduli for this sample were between the results obtained for DOL and the p-phenoxyanilinium salt.
The transition from linear to nonlinear viscoelastic response as the input shear amplitude was increased is shown in Figure  3 , where the elastic and viscous moduli of the films are shown as functions of the strain (deformation amplitude divided by film thickness) at a frequency of f ) 1.3 Hz for DIAC, DOL, and AM2001, and at f ) 0.52 Hz for the p-phenoxyanilinium salt. The values of film thickness were the same as in Figure 2 . γ ≈ 3, for DOL. At this low pressure, the transition was discontinuous for the DIAC sample (indicating that that the commencement of macroscopic-sized sliding in this system occurred as a slip) and continuous for the other three samples. The decrease in moduli after the transition can be described as shear thinning.
In Figure 4 , the viscous responses from Figure 3 are presented as the shear stress (force divided by area) as a function of the effective shear rate (strain multiplied by angular frequency). In the regime of linear response, the stress increased linearly with shear rate as expected for a Newtonian response. In the nonlinear regime, the shear stress increased much more slowly with shear rate.
Seldom in bulk systems is it possible to achieve shear rates sufficiently large that the shear stress fails to continue to increase with further increase of the shear rate (a few examples [59] [60] [61] [62] [63] are known). A plateau of shear stress, a so-called limiting shear stress, is common to observe in lubricated systems, however. [64] [65] [66] [67] We have also observed this phenomenon here. In Figure 4 , one observes that the limiting value of the shear stress, at the transition from linear to nonlinear response, was clearly different between the different samples, thus depending on the nature of the chain end group.
Responses at Increased Pressure. The results presented above (Figures 2-4) can be compared to the response to oscillatory shear of DOL, AM2001, and the p-phenoxyanilinium salt at identical input parameters but at a higher load or pressure, 3 MPa, which is shown in Figures 5-7 . (Due to its unfavorable lubricating properties already at low pressure, the DIAC was not investigated at higher pressure). The normal pressure has been defined as discussed in the previous section. The values of film thickness at this pressure were the hard-wall thicknesses shown with dotted lines in Figure 1 . The increase in pressure caused a shift in the shear response toward more elastic (rubberlike) response in all samples, although a regime dominated by viscous response could still be detected at the lowest frequencies in the AM2001 system ( Figure 5B ). As the shear amplitude at f ) 1.3 Hz was increased (Figure 6 ), we observed a distinctly discontinuous transition from linear to nonlinear response for DOL at a strain of 0.07 (at 130 Hz the transition occurred at a slightly larger strain, γ ) 0.13) and a less obvious discontinuous transition for the AM2001 sample at γ ) 0.1. For the p-phenoxyanilinium salt film, the transition was continuous also at this pressure. In Figure 7 , the viscous response shown in Figure 6 is presented as shear stress vs shear rate. For DOL, the value of the limiting stress was very similar to the value obtained at low pressure, while for the other samples, the limiting shear stress increased with increased normal pressure.
Discussion
Forces Acting upon Compression of the Films. As the thickness of the confined film was decreased slowly, a repulsive force was measured starting at 100-120 Å from the final hardwall separation (Figure 1) . In systems comprised of small linear or spherical molecules, the interaction force has been found to oscillate as a function of separation distance. 55 Such a layered structure has also been found in poly(dimethylsiloxane) films thinner than 50 Å. 68 The range of the repulsive force measured for the functionalized Fomblin-Z (Figure 1 ) is, however, too large to be the envelope of an oscillatory force caused by layering, which will be discussed further below.
It is known that the viscosity of polymer melts affects the force measurements if the equilibration time between the displacement of the base of the spring and the subsequent measurement of separation distance is too short. This "viscous drag" has been calculated by Horn et al. 54 for systems of different bulk viscosity. For our spring stiffness of 930 N/m, radius of curvature R ) 1.2-1.8 cm, and viscosity of ap- proximately 1.5 P (estimated for 25°C from the data in Table  1 ) for the samples in Figure 1A -C, the equilibration time after an inward step of 100 Å should be equal to or less than 6 min (depending on the radius) at a separation of 100 Å from the "hard-wall" (immobilized surface layer) and 20 min at 20 Å from the hard-wall. 54 The equilibration times chosen (cf. Experimental section) for these three polymers should thus be sufficient to avoid effects from viscous drag. For the extremely viscous p-phenoxyanilinium-terminated sample (Figure 1D ), the calculation according to ref 54 suggests that the equilibration times already at larger separations would be on the order of hours. Interestingly, such long times were not necessary in order to observe experimentally that the surfaces had come to a steadystate position for this system, and the range of the repulsion was not longer than for the three less viscous samples. This illustrates the difficulties in predicting thin-film flow behavior based on viscosity expected for the bulk state.
Force measurements have been performed in a similar manner on several unfunctionalized Fomblin-Z samples: a sample of higher molecular weight (M n ) 2900 g mol -1 ) with viscosity of 0.52 P at 25°C; 47 a sample with a molecular weight around 10 000 g mol -1 (Y.-K. Cho, University of Illinois, unpublished results) and a sample of M n ) 12 800 g mol -1 . 6 The repulsion in these samples appeared at a smaller distance, approximately 50 Å, from the hard-wall separation obtained for each sample. It has been noted for other polymer systems that it is generally difficult to reach the equilibrium situation and that the shape of the repulsive curve is similar to the interaction between end- Figure 5 . A distinct discontinuous transition from smooth to stick-slip sliding was observed for DOL and a smaller discontinuous transition for AM2001. For the pphenoxyanilinium salt, the motion was continuous regardless of strain amplitude.
adsorbed polymer chains (polymer brushes in a solvent), 55 even though such a structure in polymer melts has not been confirmed. It is possible that a much longer equilibration time than expected from the bulk viscosity is needed in this separation range due to the affinity of the functionalized end groups of our samples for the surface (effectively causing an additional, weak linking of the end of the chain to the surface) and that the repulsion is still a nonequilibrium effect. It was unexpected that the interactions in the highly viscous p-phenoxyaniliniumterminated sample would be measurable within a similar experimental time as for the other systems.
For the final, seemingly incompressible film obtained at small separations, which is commonly seen as two confined surfaces interact at molecularly thin spacings across a polymer melt, it has similarly been argued that it occurs because the relaxation time needed exceeds the experimental time or because of pinning of the polymer chains to the solid surfaces. 69 Layering in films of linear, perfluorinated polymer confined between two surfaces has been observed in experiments on unfunctionalized Fomblin-Z of higher molecular weight during shear at large pressures, where the thickness decreased in steps of 8 Å, 6, 7 which is close to the estimated molecular segment diameter of approximately 7 Å. 20, 31, 39, 40 We did not observe any decrease in the layer thickness even at the larger pressures studied, but we note that the compressed layer thickness for DIAC, DOL, and AM2001 was 24, 33, and 40 Å, respectively, which corresponds closely to integer numbers of molecular segment diameters. The thickness of the compressed p-phenoxyanilinium salt film was considerably larger. We also note that experiments 47 on higher molecular weight hydroxyl-and piperonyl-terminated Fomblin-Z revealed that, for these polymers, larger film thicknesses were obtained for higher molecular weights at a given normal pressure. The absence of an oscillatory interaction force as a function of surface separation (Figure 1) suggests that a semiordered layering (as in thin films of linear alkanes 55 or poly-(dimethylsiloxane) 68 confined between atomically smooth surfaces) was hindered in our end-functionalized systems, even though it has been demonstrated that the perfluorinated backbone of DIAC, 21 DOL, 21, 39, 40 and AM2001 30 adopts an orientation parallel to polar surfaces. The influence of localization of end groups to the solid surface and of end group-end group interactions on the structure of the confined film will be discussed further below.
Forces Acting upon Retraction of the Solid Surfaces. The adhesion measured upon slow separation of the solid surfaces differed markedly according to the sample. We note again that although the high viscosity of these samples makes it more difficult to measure the equilibrium adhesion, these measurements were possible provided that the time between each movement and the subsequent measurement was sufficiently long. As a result of the long equilibration times, the film had in general been compressed for about 1 h before the separation occurred. The adhesions observed do not correlate with the bulk viscosities (note especially the particularly low adhesion obtained for the p-phenoxyanilinium salt, Figure 1D ). Furthermore, the adhesion does not correlate with the film thickness as might be expected if it were due to layering in a confined film. The van der Waals attraction (F/R ) -A/6D 2 , where the Hamaker constant calculated according to van der WaalsLifshitz theory 55 is A ) 2.47 × 10 -20 J for mica interacting across Fomblin-Z with ) 2.03 70 and n ) 1.294 70 ) is very small at the separations where adhesion was observed in these systems and cannot account for the values measured. In a previous study 71 on rate-dependent adhesion it has been suggested that possible bridging of difunctionalized chains (hydroxyl-terminated Fomblin-Z) from one surface to the other might occur. We will return to the adhesion results after discussing possible structure of the film.
Dynamic Structure of the Confined Films. The lubricating properties of these samples seemed to correlate with their film thickness obtained on maximum compression. We emphasize that there is no obvious correlation between this film thickness and the bulk viscosity of the samples (cf. Table 1 ). It has been suggested 5 that a polymer melt of higher viscosity may have more favorable lubricating properties. This can be true for polymers of identical chemical composition but different molecular weight, since the thickness of the immobilized film usually increases with the molecular weight (as does the bulk viscosity), and a thicker lubricating film between the sliding surfaces will in general protect the surfaces better from wear, but the situation is evidently more complicated in the present case, where molecules of similar molecular weight differ in their chain-end functionality.
For the oligomers in this study, which were all of a similar chain length, the different viscosity values (Table 1 ) gave an indication of the different interactions between the polar end groups of the chains in the bulk compared to unfunctionalized chains. The situation is complex since these end group-end group interactions were still present in a thin film and might be expected to compete with the interactions of the end groups with the solid surface.
For evaluation of the effects of end groups, it would be desirable to compare the lubricating properties of our samples directly with experimental data on unfunctionalized Fomblin-Z. There is currently no unfunctionalized Fomblin-Z commercially available with a molecular weight as low as the samples in this study. The lowest molecular weight available, M n ) 2900 g mol -1 , has a bulk viscosity of 0.52 P at 25°C and was found to form a 30 Å thick film between mica surfaces on confinement under conditions similar to the ones stated above. In low-amplitude shear experiments 47 on this polymer, we found elastic and viscous moduli around 6 and 2 MPa, respectively, and a discontinuous transition from the linear to nonlinear regime as the shear amplitude was increased. Similar results (elastic and viscous moduli around 10 and 2 MPa, respectively) have been obtained in a shear study of an unfunctionalized Fomblin sample with a molecular weight around 10 000 g mol -1 which formed a 25 Å thick film when used as received, without drying over sieves (Y.-K. Cho, unpublished results).
The thin-film rheological properties of DIAC are similar to the results described above for an unfunctionalized sample that is not expected to have any specific interaction with the polar surface (other than possible location of end groups near the surface for entropic reasons 72 ). It is, however, unlikely that a polar group like carboxylic acid 21, 42 would fail to physisorb to a polar surface as, for example, the hydroxyl groups in DOL, [19] [20] [21] [22] [23] [24] [25] [26] 28, 29, [32] [33] [34] [35] [38] [39] [40] 73 the piperonyl groups in AM2001, 30, 31 or the p-phenoxyanilinium group 41 are expected to do.
The main reason for the different shear properties of these functionalized samples is thus most likely not due to markedly different affinity of the end groups for the solid surface but has to be sought elsewhere. Since the shear plane is likely within the confined film and not at the interface between the film and the surface, the properties of the whole confined film have to be considered. It is evident that the bulk viscosities for the samples in this study are higher than that for an unfunctionalized sample of corresponding or slightly higher molecular weight 14 (cf. Table 1 and discussion above). The different viscosities arise from interactions between the polar end groups of the chains and particularly from hydrogen bonding between the end groups in the DIAC 74 and DOL 21 samples.
It has been demonstrated that carboxylic acid terminated Fomblin-Z exists predominantly in the dimerized form in the bulk, 74 i.e., each carboxylic acid end group forms two hydrogen bonds with another carboxylic acid group. Generally, in a carboxylic acid dimer, the two hydrogen bonds form a planar structure that has very low dipole moment, and no further hydrogen bonding to these two "coupled" groups can occur. 75 In contrast, the hydroxyl-terminated chains can form only one hydrogen bond between two end groups. The hydrogen atom left on one of the hydroxyl groups can form a hydrogen bond to a third end group, etc. 76 The resulting temporary structure in the hydroxyl-terminated polymer is thus clusterlike instead of linear (chainlike) as in the carboxylic acid. 75, 76 It is conceivable that the transient structure of the carboxylic acid terminated polymer is similar to the unfunctionalized sample, which only consists of linear chains. It has been shown that several linear polymers, 3,4 including a high molecular weight Fomblin-Z, 6, 7 easily solidify on confinement, as evidenced by the formation of high shear moduli and a large limiting shear stress. Similar results have been obtained in experiments 8 on a different linear perfluoropolyalkyl ether, Demnum S-20, 77 with a molecular weight similar to the samples in our study. The structure in the DOL and in the AM2001, where aggregation may occur through polar interactions, can tentatively be compared to results for branched polymer chains, including a high molecular weight Fomblin-Y 6 and a Krytox 78 sample of molecular weight similar to the samples in this study. 8 The branched polymers are more fluidlike (i.e., less likely to solidify at low pressure) and function as good lubricants. It was interesting to note that the Krytox sample 8 showed a similar, unusual frequency dependence of the shear modulus as seen for the DOL and p-phenoxyaniliniumterminated samples in Figure 2 .
On the basis of the solubility of DOL, AM2001, and the p-phenoxyanilinium salt in various solvents (cf. Experimental section and ref 35) and their relative ability to dissolve glue (cf. Experimental section), it is reasonable to assume that the polarity of these samples increased in the order DOL e AM2001 , p-phenoxyanilinium salt, which corresponds to the film thickness formed on confinement and the resulting lubricating properties. It is possible that the structure formed as a result of hydrogen bonding and polar interactions between the end groups of the DOL and AM2001 was similar in both films, since these samples have quite similar nanorheological properties, particularly at increased pressure.
On the basis of the arguments presented above, one might expect these perfluorinated molecules to form structures owing to association of the chain end groups; such structures would be analogous to the micellar and block copolymer microstructures that are well-known to form in hydrocarbon systems. We have not found direct evidence in the literature of such selfassociation in the bulk. However, a recent study by Xu et al. 29 suggests that Fomblin-Z lubricants modified with aromatic end groups have stronger interactions with polar surfaces than hydroxyl-terminated ones and that association in the lubricant film may occur.
Interactions of End Groups with the Solid Surface. The end groups in our study did not form covalent attachments to the solid surface, but polar end groups are expected to be located on average close to the polar mica. Models for the dependence of the shear stress on shear rate have been proposed for cases where a polymer interacts either strongly 9, 10 or weakly 11 with a solid surface. In both cases, the stress is expected to increase linearly with the shear rate at small deformations (linear response regime); this we also observed experimentally. In the case of weak attraction to a confining surface, it has been suggested 11 that the stress in the nonlinear regime increases as the shear velocity to the power 1/3, while for strong interactions and bridge formation, a plateau in the stress with no dependence on shear velocity or a dependence to the power -1/3 is followed by a region of stress increasing as velocity to the power 1/3. 9, 10 Experimentally, we observed that the stress in the nonlinear regime for the AM2001 and p-phenoxyanilinium-terminated samples increased slowly with shear rate, while an indication of a plateau, followed by a slow increase, was found for DIAC and DOL. At larger pressure a plateau in the shear stress was seen for DOL, whereas the stress continued to increase slowly in AM2001 and the p-phenoxyanilinium salt.
The presence of molecules bridging the two surfaces has been suggested in a study of rate-dependent adhesion, 71 where DOL showed a slightly stronger increase in adhesion force with separation rate than was observed for monofunctionalized samples. It is possible that such bridging would contribute to the adhesion observed in Figure 1 . The separation could also occur from adhesive minima in a layered structure as has been seen in other polymer systems. It has been shown that, for poly-(dimethylsiloxane), the outer minima of oscillatory static forces are very shallow 68 and if this is the case in our films, such minima might not have been detectable. Layering might possibly explain the adhesion in the DIAC system, especially in view of the "linear chain" structure we suspect for this system, since the film thickness is only about three molecular segment diameters. The adhesion observed for the DOL and AM2001 samples is, however, not explained by such an approach since it was larger even though the compressed layer thicknesses in these systems are larger.
Comparison with Other Characterization Methods. In comparison with experiments performed with instruments strongly resembling the recording/reading mechanism in magnetic storage devices, we find similarities in addition to the affinity of the polar end groups for the surface that was already discussed above. The DOL and AM2001 appear to have more favorable lubricating properties than unfunctionalized Fomblin-Z, as has been found previously in different types of sliding experiments. 19, [23] [24] [25] 28, 29, 38 On a magnetic tape covered with lubricant and SiO 2 particles, 27 it was found that a system lubricated with Fomblin-Z octadecylamine had a lower friction coefficient than AM, DOL, and DIAC samples. It is, however, not feasible to compare our data directly to the results for these systems in ref 27 , where the sliding occurred in contact with a large number of particles.
The performance of a lubricant is, however, determined not only by its friction coefficient (i.e., by its sensitivity to load or pressure) but also by the absolute magnitudes of the friction force and the stability of the film. Upon comparison of the DOL and AM2001 samples, we find that their behavior was quite similar, with the AM2001 having lower values, possibly correlated with the slightly larger film thickness. For practical applications, their different stability toward temperature and moisture becomes an important consideration. It is known that the end group of AM2001 easily decomposes to form a hydroxyl group. 35 The p-phenoxyanilinium-terminated sample exhibits very favorable lubricating properties, i.e., a relatively low friction force, but the large film thickness (around 100 Å) formed spontaneously on confining the melt might be a disadvantage, since at the angular velocities reached in a storage device, polymer from a thick film migrates toward the edge of the disk. 79, 80 Furthermore, the large film thickness might be a disadvantage for contact recording where a low film thickness is desirable. It might be possible to form a thinner film than the one obtained here for the compressed melt by the dipping process employed in industry. 36 
Conclusions
We have measured the tribological properties of thin films of four end-functionalized linear perfluoropolyalkyl ethers (Fomblin-Z) of similar molecular weight and chain composition but different end group functionality, confined between atomically smooth solid surfaces. The shear properties of these polymer films were markedly different for polar end-groups that were expected to have similar, nonspecific affinity for the solid surface. The different results were explained in terms of end group-end group interactions within the interior of the confined films, specifically as different structures formed by hydrogen bonding between carboxylic acid terminated chains compared to hydroxyl-and piperonyl-terminated ones. It is interesting to consider the unusually thick films comprised of the chains terminated by the p-phenoxyanilinium salt of a carboxylic acid. Taken together, these results suggest a significant influence of self-association in systems that include polar chain ends in an otherwise perfluorinated environment.
